Phenomenological analysis to the R-parity violating supersymmetry with a vector-like extra generation is performed in detail. It is found that, via the trilinear couplings, the correct neutrino spectrum can be obtained. The Higgs mass rises to 125 GeV by new up-type Yukawa couplings of vector-like quarks with no need of very heavy superpartners. Phenomena of new heavy fermions at LHC are predicted.
I. INTRODUCTION
Recently a standard model (SM) Higgs-like particle with a mass of 125 − 126 GeV was discovered [1] . In the paradigm of the weak scale supersymmetry (SUSY) which aims at the naturalness of the electro-weak scale, however, such a Higgs mass brings in tensions, especially the minimal SUSY SM (MSSM). Nonminimal and still natural scenarios of SUSY are thus motivated. One of them is the MSSM with a vector-like generation [2] [3] [4] [5] . It gives the right Higgs mass naturally, is consistent with precision electroweak measurements, and has a rich phenomenology [2] [3] [4] [5] [6] . In the framework of SUSY, vector-like fermions can also be motivated by other theories beyond SM, such as SUSY extension with extra-dimensions or with composite states [7] . So it is worth asking the question whether such a scenario also provides explanations to other problems such as neutrino masses.
Neutrino oscillations are the undoubted new physics beyond the SM. Daya Bay [8] and RENO [9] experiments recently discovered a relatively large θ 13 ≃ 8.8
• ± 0.8
• . Within the framework of SUSY, in the absence of R-parity conservation, neutrino masses and mixings can be generated from lepton number violating (LPV) couplings [10] . This approach was extensively studied before [11] . It is known that all the neutrino experimental results, including that of oscillation phenomena like the large atmospheric mixing angle θ 23 , the hierarchy of oscillation frequencies ∆m 2 21 ≪ ∆m 2 32 and the smallness of θ 13 , can be understood in three generation LPV MSSM. However, this needs some special requirements for relevant coupling constants and mass parameters.
Combining both considerations above, we will work in the LPV MSSM with a vector-like extra generation [4] . While this model takes the vector-like slepton doublets as the two Higgs doublets needed for the electroweak symmetry breaking, the SM-like Higgs mass can be naturaly 125 GeV [5] . Extra trilinear LPV couplings between ordinary fermions and vector-like fermions provide a much larger parameter space to explain neutrino pheomena right.
In this paper, phenomenological aspects of the model will be analyzed. In Sect. II, we make a brief review of the model. In Sect. III, neutrino masses are calculated. For the neutrino physics, noting the enlarged parameter space, we consider trilinear LPV couplings carefully. One-loop contribution to neutrino masses due to new trilinear LPV couplings is calculated, theoretical analysis are performed and numerical results are shown in detail.
Besides, we analyze the SM-like Higgs mass and explicitly show that it can be increased to 125 GeV by two new Yukawa couplings of the up-type Higgs with vector-like quarks in Sect.
IV. The LHC phenomenology of the new fermions is analyzed in Sect. VI. The summary and discussions are given in the last section.
II. A BRIEF REVIEW OF THE MODEL
This model [4] is SUSY and SM gauge invariant, and R-parity violation with baryon number conservation is assumed. For the matter content, in addition to the ordinary 3 generations (3G), a vector-like generation is introduced in. Without R-parity conservation, this can be also thought as that there are 4 + 1 chiral generations, where '4' stands for four chiral generations with SM quantum numbers and '1' for another chiral generation with opposite quantum numbers. The 4 chiral generations with same quantum numbers mix.
The '1' has Dirac masses with only one combination of the '4', thus, there are always SM required three massless chiral generations and one massive vector-like generation.
In terms of mass eigenstates (before electroweak symmetry breaking), the massive sleptons in the vector-like generation are taken as the two Higgs doublets. New particles beyond the MSSM are the following with quantum numbers under SU(3) c ×SU(2) L ×U(1) Y , E is introduced effectively in our model, it can result from gauge mediated SUSY breaking.
Then the messenger scale can be as low as 100 TeV, even if the universality scale is at the SUSY breaking messenger scale, the running effect is small, and the bilinear LPV is not important compared to the trilinear ones. Finally, small sneutrino VEVs can be included in the analysis nevertheless in future works, after the role of new trilinear LPV interactions gets a thorough understanding.
The trilinear LPV Lagrangian relevant to neutrino masses is from W L , 
tively. The Feynman diagrams and the corresponding analytical results are shown in Fig. 1 in Appendix B. For simplicity and without losing our purpose, in the Yukawa interactions of 
where in the first equation, we only keep the dominant contributions and in the second equation, we keep the dominant and subdominant ones. Unlike in the 3G LPV case, where λ
and λ i33 λ j33 type one-loop contributions are dominant, subdominant and next-to-subdominant, here in our model, under the assumptions mentioned before, λ 
So when neglecting the small D-term and the two-loop contribution, the new one-loop contribution to the lightest scalar Higgs square-mass is [5, 16] △ m
where v = 174Gev indicates the Higgs VEV and In MSSM, the Higgs mass from the t,t one-loop contributions is about 110 GeV, for A t = µ = 400 GeV, mt = 400 GeV and tan β = 10. Direct search bounds from CMS for exotic heavy top-like quark set limits of M t ′ > 557 GeV if B(t ′ → W b) = 1 [17] and [18] . When considering the mass mixing between the vector-like quarks and the SM third generation quarks, in other words, considering the realistic branch ratios, the mass limit is adjust to be M t ′ > 415 GeV [19, 20] . So if we set the vector-like fermion masses in our model to be M V ∼ 500 GeV, the soft supersymmetrybreaking parameters to be m ∼ 700 GeV, Evoked by the ATLAS and CMS discovery of the enhancement in γγ channel and little deviation in ZZ channel [22, 23] , the effects of the exotic vector-like quarks to the Higgs production and decay have been extensively studied recently [21] . In general, in a theory with N vector-like generations extension, the new fermion contributions are suppressed by 21, 24] . So only the very large couplings to the Higgs can obviously enhance the Higgs production and decay in the γγ channel [21] , but as we have mentioned, these couplings have quasi-fix point which limits their TeV values to be about 1 [5] . This value is large enough to accommodate m h ∼ 125 GeV, but too small to influence the Higgs decay, one can't depend on vector-like fermions by themselves to modify the Higgs decay branching ratios. As far as the Higgs problem to be concerned, extra vector-like fermions are mainly introduced to adjust the Higgs mass. However, the γγ and ZZ channel anomaly, if they persist, can be realized through the light stop scenario [25] , which beyond our scope in this paper.
V. THE EXTRA VECTOR-LIKE FERMION DECAYS
To be clear, we list the new extra vector-like fermions below:
in which E 
chargino; through LPV interactions, see Eq. (2), decay into fermions and sfermions, such as
Tree-level decay of new exotic fermions in our model, all fermions stay in mass eigenstates.
Although the kinematical conditions for the latter decay mode are easy to be satisfied, but we have already seen in section III, the LPV couplings in our model, in order to explain the neutrino spectrum, are of order 10 −6 , so we can neglect this kind of decay channels reasonably. On the other hand, for simplicity here in our work, we assume the former decay mode is not kinematically allowed. Therefore, the exotic fermions can only decay into SM bosons.
The weak bosons interaction Lagrangian to τ, τ 1 is
the couplings and the decay widths of τ 1 are given in Appendix D.
The main characteristic of the lepton sector is that there must be mass mixing between the third and the vector-like lepton, otherwise the new heavy charged leptons τ 1 will be stable and give unacceptable cosmological heavy relic [26] . For Specific, when y E = 0, the off-diagonal elements of L τ , R τ are equal to zero. That's why we set y E = 0 in section II while discussing neutrino spectrum, more specifically, we set y E ≤ 0.04. Under these parameters settings, numerical results of τ 1 decay into W, Z, h 0 are shown in Fig. 3 , we can see in the limit of large m τ 1 , the branching rations are BR(τ 1 → Wν τ ) ∼ 0.7 and
The weak bosons interaction Lagrangian to t, t 1 , t 2 is
the couplings and the decay widths of t 1,2 are given in Appendix D.
As mentioned in section II, we take y The weak bosons interaction Lagrangian to b,
the couplings and the decay widths of b 1,2 are given in Appendix D. 
VI. SUMMARY AND DISCUSSION
We have studied several phenomenological aspects of the LPV MSSM model with a vectorlike extra generation: the neutrino spectrum, the Higgs mass and the LHC phenomenology of the new predicted fermions. The results are:
• The correct neutrino masses and mixings, especially the relatively large θ 13 can be generated from trilinear LPV couplings. The new trilinear R-parity violating couplings make it easy to generate the proper value of θ 13 . These coupling constants need to be about 10 −6 .
• • There are five new heavy fermions, τ 1 , t 1,2 , b 1,2 , predicted in this model. They can only decay into SM bosons by some kinematic assumptions. The branching radio depend on the mass mixing between the vector-like fermions and the SM third generation fermions. These charged exotic fermions would be quasi-stable if such mass mixings are very small.
Based on our previous work about bilinear LPV couplings, further research on the renormalization group (RG) of them is worthy to be studied in the future. There are also plenty of aspects to be further analyzed in the area of new fermion LHC phenomenology based on this model.
Appendix A: THE (S)FERMION MASS MIXING MATRIXES
Because the CP violation is not considered in this paper, we have taken all the masses real. In this model, the mass matrix M of the third generation lepton and the vector-like lepton is given as following
and
where m
where
The mass matrix M b of the third generation down-quark and vector-like down-type quarks is given as following
Taking that |µ
The mass matrix M t of the top quark and vector-like up-type generations is given as
where 
The charged slepton mass-squared matrixM 2 τ ofτ and the superpartners of the vectorlike leptons is given as following
The corresponding unitary scalar matrix is defined as
The mass-squared matrixM 2 b ofb and the superpartners of the down-type vector-like fermions is given as following
The mass-squared matrixM 2 t oft and the superpartners of the up-type vector-like fermions is given as following
Appendix B: NEUTRINO MASSES IN OUR MODEL
All fourteen types of one loop Fyenman diagrams which can contribute to the neutrino mass and mixing in our model are shown in Fig. 1 ν iL
One-loop contributions to the neutrino masses and mixings in our model.
The corresponding analytical results are listed below:
In which L τ,b,t , R τ,b,t are biunitary matrices of mass matrices between (τ, b, t) and the vector-like fermions (see Appendix A), while m τm , m bm , m tm indicate the corresponding mass eigenvalues. Vτ ,d,t are the square mass mixing unitary matrices of their superpat-
stand for the corresponding mass eigenvalues. sin α s1 (2) , cos α s1 (2) are the unitary matrix elements ofs. b(m 1 , m 2 ) is the loop integral factor:
). The value range of the indices in Eq. (4)- (6) is m=1,2, k=1-4 ,while in Eq. (7)- (17), it is m=1,2,3, k=1-6.
Appendix C: NEUTRINO SPECTRUM-CALCULATING METHOD AND PA-RAMETER SETTINGS
The methods to generate neutrino masses and mixing angles with one-loop trilinear / L couplings actually involves the following three matrices
where we name each of the matrices above M 1,2,3 separately. We assume m 1 > m 2,3 , m 2 ∼ m 3 and there is no strong hierarchy between a, b, c, d, e, f, g, h, l.
M 1 has only one eigenvalue after digonalized by an unitary rotation
If we rotate the sum over M 1,2,3 by matrix X, it becomes
where ǫ ij are some small values related with m 2 /m 1 , m 3 /m 1 and the other elements of M 1,2,3 .
We can then define another unitary matrix X ′ to diagonalize the matrix in Eq. (B6) in an approximate way:
Then from Eq. (B7), we get all three mass eigenvalues
and from Eq. (B4, B8), we get all three mixing angles
The parameter settings we used in table I are given as following Set I:
Set II:
Appendix D: EXOTIC QUARK AND LEPTON COUPLINGS TO W, Z, h 0 AND
DECAY WIDTHS
The couplings for the W, Z, h 0 boson with leptons in Eq. (12) are
where c α = s β , s α = −c β is the elements of the rotation matrix related with the real parts
The couplings for the W, Z, h 0 boson with t, t 1 , t 2 in Eq. (13) are
The decay widths of the lightest new up-type quark t 1 are
where x i = m i /m t 1 for i = W, Z, t, h 0 . The heaviest new up-type quark t 2 has six decay channels. The decay widths have the similar forms and can be deduced straightforwardly.
The couplings for the W, Z, h 0 boson with b, b 1 , b 2 in Eq. (14) are six decay channels, the decay widths have the similar forms and can be deduced straightforwardly.
